The purpose of this paper is to integrate lipid catabolism, ketogenesis and acid-base balance during starvation. The calculations made in this presentation may be approximate, but the values give useful information. Emphasis is directed toward hydrogen (hydronium and hydride) transfer during the hyperketonaemic state of starvation, and a special role is assigned to /%hydroxybutyrate as a regulator of hepatic ketogenesis, and therefore a regulator of lipid catabolism. In order to compare the values in this paper with those in the literature, the results are expressed per 1.73m2 body surface area.
hydrogen atom is bound to NAD+, and the other is free as H+ in the aqueous cellular matrix. These steps of Boxidation of fatty acyl-CoA cause no major change in H+ balance, provided that no major change occurs in the redox potential of the liver. Since the redox-potential changes are limited by the cellular pool size of the nicotinamide nucleotides, the maximum change that could occur is governed by reaction(4):
Reduced substrate + NAD+ e (4) Changes in acid-base balance as a result of a more reduced metabolic state would be limited at most to several (I-2)mmol of H+/kg of tissue. Therefore this would not represent a continuing contribution to H+ production during the starved state. However, the increased NADH concentrations will affect the rate of fatty acid oxidation and the ratio of @-OHB-* to AcAc-.
After humans fast for several days, catheterization studies oxidized substrate + NADH + Ht If fatty acids are oxidized at the same rate as they are released, no change in acid-base balance occurs. However, accumulation of fatty acids in body fluids will be accompanied by an equimolar net production of H+. This is a minor contribution to acid-base balance, since blood fatty acids rarely increase by more than 1.5-2.5 mM during starvation. If approx. 90% of stored triacylglycerol is composed of long-chain fatty acids, then the mobilization and combustion of Abbreviations: POHE-, Bhydroxybutyratc; AcAc-, acetoacetate;
HMGCoA, Bhydroxy-Bmethylglutaryl-CoA.
show that hepatic extraction of plasma non-esterifled fatty acids amounts to about 89mg/min per 1.73m2. However, 34mg/min per 1.73m2 are released as triacylglycerols and 5Omg/min per 1.73m2 are only partially oxidized to AcAc-and @-OHB- (Garber et al., 1974) . This leaves only 5mg of fatty acids/min per 1.73m2 to be oxidized to CO, and H,O by the liver aRer several days of starvation. 592nd MEETING, LONDON electrons transferredhin per 1.73111,. This is a modest amount (5-6%) of the total electron transfer during lipid oxidation and, as mentioned above, such oxidation can have only minor effects on Ht balance. The remainder of energy production in the liver comes from electron transfer in the partial oxidation of fatty acids to form ketone bodies. This provides approx. 5.5 mmol of electrons transferred to meet the energy needs of liver. Thus approx. 75% of the energy derived from oxidation of fatty acids in the liver is provided through ketogenesis. In addition to the production of energy, another product of this partial oxidation is Ht, which occurs during ketogenesis with the formation of HMGCoA. This is illustrated in reaction (5):
1.73 mz are formed during starvation ketogenesis and about an equal quantity is removed by the processes described above. These calculations are in keeping with the observation that arterial pH decreases to only 7.37 during starvation.
On the other hand, the Ht generated from lipolysis, B-oxidation and HMGCoA production form a common pool, which is in equilibrium with the HC0,-pool. Increased Ht activity is buffered by a decreased HC0,-concentration. "his creates an electrical imbalance among Nat, CI-and HC0,-in the extracellular fluid. The renal loss of Na+ from the body to reestablish electrolyte neutrality would cause an intolerable dehydration. Electrolyte neutrality is maintained by the
During ketogenesis, one Ht and one AcAc-are formed from each HMGCoA committed to ketone-body formation. Thus the amount of Ht generated by synthesizing HMGCoA is equal to the amount of AcAc-produced by cleavage of HMGCoA. AcAc-equilibrates with FOHB-, the ratio being dependent on the NADH/NADt ratio. After several days of total starvation, about 400pmol of AcAc-/min per 1.73111, and 350pmol of @-OHB-/min per 1.73m2 are produced (Garber ef al., 1974; Reichard e f af., 1974). Thus about 750pmol of Ht/min per 1.73m2 are generated, equalling about 6 7 % of the total hydrogen released from lipid oxidation during the resting state of starvation. This rate of Ht release could induce a severe metabolic acidosis if buffering mechanisms were not in operation.
The most obvious Ht-buffering system, but not the only one, is the NaHCO, system. In normal humans with arterial pH of 7.42, the HCO; pool size is 800-900mmo1/1.73m2 (Long et al., 1971) . If the 750pmol of Ht/min per 1.73m2 generated from HMGCoA synthesis were not cleared by methods other than the HCO; system, the oxidation of neutral lipids would induce death from terminal metabolic acidosis in less than 24 h. The various roles that AcAc-and P-OHB-play in preventing metabolic acidosis and in maintaining the extracellular-fluid electrolyte neutrality are important for human survival.
In starvation the most obvious role that ketone bodies play is to furnish alternate fuels to meet energy requirements of peripheral tissue. The hepatic production rate of AcAc-plus @-OHB-is about 750pmol/min per 1.73111,. Some 85% (636pmol/min per 1.73m2) of the AcAc-and P-OHBsynthesized in the liver is oxidized by peripheral tissue to CO, and H,O (Reichard e f al., 1974), effectively removing an equal quantity of Ht released from HMGCoA synthesis. The second means of removing H+ is through acetone formation and excretion. The spontaneous non-enzymic decarboxylation of acetoacetic acid into acetone and CO, with their subsequent excretion removes Ht from the body. Breath excretion of acetone amounts to 13pmol/min per 1.73 m2 and urine excretion amounts to 1.2pmollmin per 1.73m' (Reichard et al., 1979) . Ketonuria is the third means of clearing H+ from the body during starvation hyperketonaemia. Renal excretion of p-OHBis about 65pmol/min per 1.73111, and AcAc-excretion is about 15pmol/min per 1.73111,. In general, every pmol of AcAc-or p-OHB-excreted in the urine is accompanied by renal excretion of equimolar quantities of NH:, which generates equimolar quantities of HCO,-, effectively removing equimolar quantities of Ht from the body fluids. The loss of P-OHB-from the body through urinary excretion accounts for a small amount of acid loss, especially as urine becomes more acidic and the carboxy group becomes protonated. Thus about 750pmol of H+/min per heightened renal reabsorption of AcAc-and p-OHB-known to occur during starvation hyperketonaemia (Sapir Br. Owen, 1975) . Renal conservation of ketone bodies during starvation serves to neutralize the anion gap caused by the HCO,-loss. The formation of POHB-from AcAc-appears to have a special role in augmenting hepatic ketogenesis during starvation. As the rate of hepatic poxidation increases as a result of increased fatty acid availability and accompanying hormonal changes, NADH and FADH, are produced more rapidly than required by the energy demands of the liver. Without a mechanism for conversion of these electron carriers into the oxidized state, the rate of /%oxidation and ketone-body formation would be limited and fatty acids would accumulate in the blood. The conversion of AcAc-into P-OHB-regenerates NAD+ and permits non-esterified-fatty-acid catabolism to continue for the production of AcAc-and P-OHB-as fuels for extrahepatic tissues. The continuous conversion of AcAc-into /3-OHB-provides an electron sink to permit regeneration of NAD+. Without this mechanism for regenerating NADt, the capacity of the liver to produce ketone bodies would be limited by its own energy requirements. Thus the formation of P-OHBfrom AcAc-allows a greater quantity of non-esterified fatty acids to flow through the liver than could occur if this conversion was absent. The synthesis of P-OHB-from nonesterified fatty acids is for lipid catabolism what the synthesis of lactate from glucose is for carbohydrate catabolism. The overall scheme of lipid catabolism and the role of /I-OHBformation in regenerating NADt from NADH is illustrated in Fig. 2 It is now widely accepted that ketone bodies are important substrates for oxidative metabolism and biosynthetic pathways in peripheral tissues and that enhanced utilization of ketone bodies participates in the conservation of glucose when carbohydrate intake is decreased (Robinson & Williamson, 1980) . The role of ketone bodies is particularly important during the neonatal period, since the milk of most of the mammals has a high fat and low carbohydrate content. Therefore the newborn has to conserve the limited supply of glucose from the diet for glucose-dependent tissues while providing alternative substrates such as NEFA* and ketone bodies to other tissues. A marked hyperketonaemia has been observed in newborn infants , 1972) . In these species ketone bodies are unlikely to play an important role as energy substrates. In most physiological situations an increased rate of hepatic ketone-body production leads to hyperketonaemia, which in turn enhances ketone-body utilization in peripheral tissues. As the regulation of ketone-body utilization in the adult and the newborn has been reviewed recently (Robinson & Williamson, 1980) , the present paper will be focused on the development of ketogenesis in rat and rabbit during the neonatal
Regulation of ketogenesis by NEFA availability
The major precursors of ketone bodies are NEFA, and changes in the rate of their delivery to the liver can directly influence ketogenesis. During the neonatal period the NEFA supplied to the liver have two different origins: (1) the triacylglycerols stored in the white adipose tissue or the liver; (2) the triacylglycerols of the milk. The relative importance of dietary or endogenous triacylglycerols can be easily studied by starving the newborns. The newborn guinea pigs and rabbits, which have very little white adipose tissue but large fat stores in the liver, develop a marked hyperketonaemh after 12-24 h even if they are unfed from birth (Callikan et al., 1979; P. H. Duke & J. R. Girard, unpublished work) . In these species NEFA provided by hepatic triacylglycerol breakdown are the major precursors of ketone bodies during starvation. In keeping with this, it has been shown that glycodiazine, an inhibitor of hepatic triacylglycerol lipase, completely suppressed the endogenous production of ketone bodies by isolated hepatocytes from 24-48h-old starved newborn rabbits (L. El Manoubi & J. R. Girard, unpublished work) . In contrast, newborn rats, which have no fat stores at birth, remain hypoketonaemic if they are starved from birth (Girard et al., 1973) , and they are entirely dependent upon NEFA provided by hydrolysis of milk period.
Abbreviation: NEFA, non-esterified fatty acids triacylglycerol to perform efficient ketogenesis (Ferre et al.,   1978) . It is noteworthy that in rat and rabbit the milk contains a high proportion of medium-chain fatty acids, respectively 40 and 70% (Dils et al., 1977) , whose transport into the mitochondria is not dependent upon carnitine acyltransferase (see McGarry & Foster, 1980) .
In suckling rats blood ketone-body concentrations increase very slowly during the first 12h after delivery despite the large increase in plasma NEFA which occurs 2 h after birth (Ferrk et al., 1978) . Then blood ketone bodies increase sharply between 12 and 16h, without any change in the plasma NEFA concentrations ( F e d et al., 1978) . A similar pattern in the ketogenic capacity of the newborn rats is observed when starved newborns are fed with a triacylglycerol emulsion containing long-chain fatty acids (Ferre et al., 1978) or medium-chain fatty acids (J.-P. Pkgorier & J. R. Girard, unpublished work) , at different times after birth. Recent experiments using hepatocytes isolated from newborn rats at different times aRer birth and incubated in the presence of constant concentrations of oleate (1 mM) or octanoate (2 mM) also suggest that factors other than NEFA availability are responsible for the onset of ketogenesis at birth. In hepatocytes of newly born rats, octanoate is more ketogenic than oleate ( Table 1 ) . The ketogenic capacity of isolated hepatocytes increased markedly during the 16 h after birth with both oleate and octanoate as substrates ( Table 1) . Data obtained with octanoate suggest that carnitine acyltransferase is not the only limiting step in the development of ketogenesis in rat liver.
Zntra-hepatic regulation of ketogenesis in the newborn
Most of the information at present available on the development of hepatic ketogenesis have been obtained in the rat. The rates of palmitate oxidation and ketone-body production are very low in foetal rat liver, and they markedly increase in 94+13 166f20 258f20 Octanoate ( 2 m~) 173f22 229f25 500f43
